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Both galaxies and charged particle beams can exhibit collective relaxation on
surprisingly short time scales. This can be attributed to the effects of chaos, of-
ten triggered by resonances caused by time-dependences in the bulk potential,
which act almost identically for attractive gravitational and repulsive electro-
static forces. These similarities suggest that many physical processes at work
in galaxies, albeit not subject to direct controlled experiments, can be tested
indirectly using facilities such as the University of Maryland Electron Ring
(UMER) currently nearing completion.

Introduction

Many-body systemsinteractingvia long range ����� 
 Coulombforces– both gravitational and
electrostatic– canexhibit macroscopicrelaxationandlossof coherenceon time scalesmuch
shorterthanmight be expectedon dimensionalgrounds.Observationsandsimulationsagree
that even a relatively gas-poor(andthuspresumablynearlydissipation-free)elliptical galaxy
displacedfrom anequilibriumasaresultof anencounterwith anothergalaxycanreadjustitself
towardsa new equilibriumwithin a few hundredmillion yearsalthoughthenominalrelaxation
time ��� is ordersof magnitudelonger than the ageof the Universe. And similarly, charged
particlebeamstravelingthroughanaccelerator, whichwouldbeexpectedto maintaincoherence
for 10 km or more,canlosecoherenceanddispersewithin distancesasshortas10m.
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This collectivebehaviour mustreflectphasemixing, i.e., thetendency of initially localised
clumpsof orbits to disperse.However, any phasemixing that canexplain thesephenomena
mustproceedfar moreefficiently than‘ordinary’ phasemixing. The key point, then, is that
theseeffectscanbe neatlyexplainedif the bulk potentialassociatedwith the systemadmits
largenumbersof chaoticorbits.Phasemixing is much moreefficient in achaoticsystemthana
systemin which thebulk potentialis integrableor near-integrable.An initially localisedclump
of regular, i.e., non-chaotic,orbits will typically disperseasa power law in time; a clump of
chaoticorbitswill insteaddisperseexponentially.

Allowing for a bulk potentialthat is stronglychaoticand,hence,thepossibilityof chaotic
phasemixing wouldenableoneto understandhow a galaxycan‘relax’ towardsanequilibrium
or near-equilibriumstateon a comparatively shorttime scale.Thepossibilityof chaoticphase
mixing in achargedparticlebeamcanplacestrongconstraintsonemittancecompensation,i.e.,
theability of theexperimentalistto compensatefor unwanteddispersal.

Theoreticalconsiderationsanddetailednumericalsimulationssuggestthat, in this setting,
theorigin of thechaosthatdrivestheevolution is largely irrelevant. In particular, whetherthe
two-bodyforcesareattractive or repulsive shouldnot becrucial. What is importantis that the
long-rangescalingsof gravitationalandelectrostaticforcesareidenticalandthat,in bothcases,
theearlystagesof evolution shouldbedrivenby long-range,collective interactionsasopposed
to short-rangecollisional encounters.All that seemsto matteris whetherthe bulk potential
associatedwith themany-bodysystemadmitsa largemeasureof chaoticorbits(1).

That‘collisions’ shouldbelargelyirrelevantin many settingsrelevantto galaxiesandbeams
is easilyseen.Viewing sucheffectsasanincoherentsumof binaryencounters,onecomputes,
respectively, for galaxiesandfor chargedparticlebeams(in cgsunits)relaxationtimes
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Coulomblogarithm(2) (3). In eithercase,the assumptionthat the bulk kinetic andpotential
energies are comparablein magnitudeimplies that ���32 4657� �"!$#&%98 ��: , with 5 the number
of ‘particles’ and ��:;� � �)< a characteristicorbital time scale,definedin termsof the ‘size’< of the system.

%
scalesas a power of 5 . For large 5 the relaxationtime ��� is clearly

very long comparedto the orbital time scale ��: . By contrast,chaoticphasemixing, i.e., the
phasemixing of chaoticorbits,canproceedextremelyfast.Thetime scaleassociatedwith the
exponentialdispersalof aninitially localised‘clump’, givenastheinverseof thelargestpositive
Lyapunov exponent(4), is typically comparablein magnitudeto theorbital time scale.This is,
for example,thecasefor thesystemsillustratedin Figures1 and3 below.

A completeunderstandingof thesephenomenawill requirea synthesisof theory, simula-
tions, and experiments. Performingexperimentson self-gravitating systemslike galaxiesis
impossible.However, controlledexperimentscan be performedwith charged-particlebeams;
andcombiningthe resultsof suchexperimentswith simulationsandtheoryshouldlead to a
clearpictureof therole of chaoticphasemixing in beams.Moreover, sincethephysicsshould
notdependcruciallyonwhethertheforcebetweenparticlesis attractiveor repulsive,onewould
expectthatmany resultsaboutbeamsshouldtranslatemoreor lessdirectly into detailedpredic-
tionsaboutthestructureandevolutionof galaxies.
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Indeed,onecango onestepfurther andargue that, in a real sense,carefully constructed
experimentsinvolving chargedparticlebeamscanbeusedassemi-directprobesof thephysics
of self-gravitating systemslike galaxies. In this spirit, one aim here is to explain how the
Universityof MarylandElectronRing (UMER), currentlynearingcompletion,canbeusedasa
Laboratoryfor GalacticDynamics.

Regular vs. Chaotic Orbits: A Tortured History

Chaoshasbeenlargely ignoreduntil comparatively recentlyin both thegalacticandaccelera-
tor dynamicscommunities.For example,althoughthe famousHénon-Heilesmodel(5) arose
originally in attemptsto understandmeridionalmotionsin axisymmetricgalaxies,asrecently
as15 yearsagothepotentialrole of chaosin galaxystructureandevolution wasalmostcom-
pletelyneglected(with theexceptionof ahandfulof groupsin Europe).Only with theadventof
high resolutionphotometry, facilitatedin partby theHubbleSpaceTelescope,did many galac-
tic astronomersbegin to recognisethat thebulk potentialsassociatedwith realisticallyshaped
galaxiesarelikely to admitsignificantmeasuresof chaoticorbits.

Chaos in galaxies. It hasbeenlong recognisedthat thedominantmechanismfor relaxation
in galaxiescannotbe ‘collisional’. For example,in the1940’s Chandrasekhar(2) showedthat
therelaxationtime scale��� on which binaryencountersbetweenindividual starscouldsignifi-
cantlyalter thetrajectoriesof starsin theMilk y Way mustbe �3�>= 	?
 yr or more.Shorter-time
relaxationmustsomehow involve collective effects. Two decadeslater, Lynden-Bell(6) pro-
poseda theoryof ‘violent relaxation’which argued, inter alia, that phasemixing associated
with a time-dependentpotentialmight explain suchcollectiveeffects.Substantialevidencefor
rapidrelaxationaccumulatedover thenext twentyyears,derivedboth from numericalsimula-
tions of many body systemsandfrom the interpretationof observationsof galaxiesthat have
beeninvolvedin collisionswith othergalaxies.Despitethis,however, whensubjectedto closer
scrutiny, it seemedthat,at leastin its simplestguise,violent relaxationcouldnot explain why
relaxationwasasfastasit appearsto be.Someingredientseemedto bemissing.Todaythereis
goodreasonto think thatthemissingingredientis chaos.

In theearly1990’s KandrupandMahon(7) recogniseda fact thatseemsobvious in retro-
spect,namelythat, becauseof their exponentiallysensitive dependenceon initial conditions,
chaoticorbitsshouldphasemix far morerapidly thanregularorbits, in factexponentiallyfast.
In theastronomicalcommunity, thisphenomenon,now termed‘chaoticmixing’ (8), ledto spec-
ulationsthatchaoscouldplayacritical role in violent relaxation.However, ‘chaoticmixing’ in
itself doesnotconstituteacompleteandsatisfactoryexplanation.Chaoticphasemixing cannot
drive collective relaxationunlessmany/mostof theorbitsarechaotic,which seemedfar from
obvious. However, a few yearslater, motivatedin part by the work of acceleratordynami-
cists(9,10), astronomers(11) recognisedthattime-dependentpulsationsin thebulk potentialof
theform expectedin agalaxyreadjustingtowardsa(near-)equilibriumstatecould,via resonant
couplings,make many/mostof the orbits in a galaxychaoticwith large finite-time Lyapunov
exponents(12), andthattheresulting‘resonantphasemixing’ might besufficiently strongand
ubiquitousto explainviolent relaxation.
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Chaos in charged particle beams. Concernsaboutcollisionlessrelaxationin charged-particle
beamshave arisenwith recentadvancesin technologyfor the productionof high-brightness
beams,wherecollectiveCoulombself-forces,i.e., spacecharge,becomesimportant.Examples
includelow-to-medium-energy hadronacceleratorssuchasthosethatdrive spallation-neutron
sourcesor serve asboostersfor high-energy machines,heavy-ion accelerators,andlow-energy
electronacceleratorssuchasphotoinjectors(13).

Oneof theearliestpapersaddressingspacechargein beamswasbyKapchinskijandVladim-
irskij (14), whoconsideredacontinuousbeamwith uniformchargedensityandelliptical cross-
sectionconfinedby linear external focusingforces,andderived the equationsgoverning the
motionof thebeamenvelope.Thecorrespondingdistribution functionin thefour-dimensional
phasespaceof a singlecharge,commonlycalledtheKV distribution, is a uniform-densityhy-
perellipsoid.Sometime later, Sacherer(15) notedthat theseresultscanbegeneralizedeasily
to three-dimensionalbunchedbeamsso asto includethe influenceof space-charge on bunch
lengthandenergy spread.Thesetwo papers,regardedasclassicsin theacceleratorcommunity,
set the stagefor muchof the subsequentinvestigationsconcerningspace-charge, from which
evolved now-conventionaldesignstrategies for high-brightnessaccelerators,strategiesbased
on controllingroot-mean-square(rms)propertiesof thebeam.

However, thepastdecadehasbroughtthe realizationthat,albeitnecessary, regulatingrms
propertiesis not sufficient. Perhapsthe most prominentexampleconcernsbeamhalos, i.e.,
particlesthatreachlargeorbital amplitudesdueto a time-dependentspace-chargepotentialas-
sociatedwith transitionsin the beamline that preventsthe beamfrom reachinga long-lived
equilibriumstate.Theconcernis thatimpingementof beamparticleson thebeamline cangen-
eratesufficient radioactivationto precluderoutine,hands-onmaintenance.Theradioactivation
thresholdis tiny: roughly1 nA m @ 	 GeV@ 	 or less.For a 100mA, 1 GeV light-ion beamsuch
asthatenvisionedfor driving high-yieldspallationneutronsources,this criterion translatesto
just � in ��=)A particleslostpermeter(16).

Earlyeffortsto identify thefundamentalmechanismsof haloformationinvolvedgeneraliza-
tionsof thework of Kapchinskij,Vladimirskij, andSacherer(9,17). Thebasicrecognitionwas
thatif auniform-densitybeam‘core’ is madeto pulsate,particlesresonatingwith thepulsating
corecanbedrivento largeamplitudeswherethey form a ‘halo’. This led to the identification
of parametricresonanceastheessentialmechanismof haloformation.

Albeit usefulthestationaryKV modelsufferssomeseriousdeficiencies.Thesharpbound-
ary in phasespaceis unphysicalandmakesthedistributionunstableto severalclassesof pertur-
bations(18). Moreover, becausethedensityis uniform, thenetforceon everyparticleis linear
so that they all follow regularorbits. A real, inhomogeneousbeamwill impartnonlinearself-
forcesto theparticles,forcesthatcaninducegloballychaoticmotion(19). In a time-dependent
potentialsuchchaoticparticles,aswell asany otherparticlesthatbecomechaoticbecauseof
the time-dependence,cancouplewith the pulsationsandexperiencea parametricresonance,
phenomenologythat hassurfacedroutinely in morecomprehensive simulationsthat followed
theparticle-coremodel(20).

Efforts to understandspace-charge-induceddynamicsbeyond the KV and particle-core
modelsalsobroughtthe realizationthat early-timedynamicsin fully self-consistentcharged-
particlesystemsis analogousto thatof violent relaxationin stellarsystemssinceboth involve
Coulombinteractions(10). However, thatconnectionwasexploredno further– until now.
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Evidence for Chaos and Chaotic Phase Mixing

Chaos in galaxies. High-resolutionobservationsof galaxiesover thepastdecadeor sohave
provided compellingevidencethat many galaxiesaremore irregularly shapedthanhadbeen
assumedasrecentlyas15 yearsago; andattemptsto modelsuchirregularly shapedobjects
have ledmany galacticdynamiciststo concludethatthebulk potentialsassociatedwith realistic
galaxiesadmit largemeasuresof chaoticorbits. It hasbeenargued(21) thatnonaxisymmetric
elliptical galaxiescontainingcentraldensitycuspsof theform inferredfrom observations(22)
areverylikely to admitlargenumbersof chaoticorbits.Andsimilarly, modelsof rotatingbarred
spiralgalaxiessuggest(23) thatbreakingaxisymmetrywith evenacomparatively weakbarcan
triggerlargenumbersof chaoticorbits,especiallynearcertainresonances.

Thereis no guaranteethat cuspy, nonaxisymmetricgalaxiesmust be chaotic: contrived
integrablemodelshavebeenconstructed(24) andit hasprovenpossible,by carefulpreparation,
to generate5 -body realisationsof nonaxisymmetricmodelswhich appearto containfew if
any stronglychaoticorbits,with largepositive Lyapunov exponents(25). However, therehas
emergedageneralsensein muchof thegalacticdynamicscommunitythat‘generic’ irregularly
shapedgalaxiesmightbeexpectedto containlargenumbersof chaoticorbits.

Oneintriguingpossibilityis that,possiblybecauseof thepresenceof chaos,evolving galax-
ieswill find it difficult, if not impossible,to approacha trueequilibrium. Rather, it maywell
be (21,26) that, at the time of formation,a galaxysettlesdown towardsa quasi-equilibrium,
ratherthana true equilibrium; but that, in response,e.g., to external irregularitiesassociated
with ahigh-densityenvironment,it will subsequentlyexhibit a slow, secularevolution.

To the extent that this be true, a basicquestionis whethera galaxyoriginally in a non-
axisymmetricnear-equilibrium will evolve towardsa morenearlyaxisymmetricstate(21); or
whetherinsteada galaxyoriginally containinglargenumbersof stronglychaoticorbitsmight
evolve towardsothernear-equilibria,not necessarilymorenearlyaxiymmetric,which contain
smallernumbersof chaoticorbits(27). In any event,it is generallyacceptedthatarobust,stable
(near-)equilibriummustcontainlargemeasuresof regularorbits to provide the ‘skeleton’(28)
of theinterestingstructuresthatgeneratechaoticorbitsin thefirst place.

Thereis alsoemerging evidencethatchaosshouldbeevenmoreubiquitousin systemsthat
feel a stronglytime-dependentbulk potential,especiallya time dependenceinvolving roughly
periodic oscillations. Nonlineardynamicistsargue that chaostypically arisesvia resonance
overlaps(4), andthis time-dependentchaosis simplyanotherexamplethereof.Whenthetime-
dependenceto whichorbitsin agalaxyaresubjectedhaspowerat frequenciessufficiently close
to (multiplesof) thefrequenciesat which theorbits themselveshave power, theorbitsandthe
time-dependencecanresonatewith theresultthattheorbitsbecomestronglychaotic.

If the time-dependenceis weak, such resonancesmay require a near-perfect frequency
match,but for a strongertime dependenceit often sufficesfor the pulsationandorbital time
scalesto agreewithin an orderof magnitude(11). However, in a nearlycollisionlesssystem
likeagalaxy, thereis only onenaturaltimescale,thedynamicaltime ��:B�3���DC �FE , with

�
the

gravitationalconstantand
E

a characteristicdensity;sothat thepulsationandorbital timesare
likely to becomparablein magnitudethroughoutmuchof thegalaxy, thusrenderingchaosex-
tremelycommon.Simplemodelssuggestthatgalaxiessubjectedto dampedoscillationscould
(i) becomealmostcompletelymixedand (ii) settledown towardsa nearly integrableequilib-
rium within a time asshortas �3�>=G��: . Analogouseffectscanalsobetriggeredby othernearly
periodicphenomena,suchaslocalised,nonstationarycollectivemodes,or asupermassiveblack
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holebinaryorbiting nearthecenterof agalaxy, amechanismof contemporaryinterest(29).
An exampleof suchresonantphasemixing is illustratedin Figure1, which tracksthree

initially localisedclumpsevolved in a toy galacticpotentialsubjectedto periodicdriving that
dampsasa power law in time. The left andcenterpanelsexhibit the H - and I -coordinatesat
several different times; the right panelexhibits the exponentialgrowth of componentsof the
emittanceJLK ( MONPHRQ�ISQ�T ), which is a measureof the phasespaceareaof the occupiedphase-
spaceplanescorrespondingto thecoordinate��K . Here,e.g., J 
U NWV?H 
YX V �


U X&Z V[H � U
X 


, where V X
denotesanensembleaverage.

Therecanof coursebe no direct experimentalevidencefor chaosin galaxies. However,
carefulanalysisof observablevelocityfieldsprovidescompellingevidencethatthegasflowsin
suchspiralgalaxiesasNGC3632couldbechaotic,especiallynearvariousresonances(30).

Chaos in charged particle beams. Anisotropy in a beamcanhave a numberof causes,in-
cluding anisotropicfocusingand the accelerationprocessitself. However, a recentcompu-
tationalstudyhasprovided strongevidencethat chaoticmixing dueto nonlinearforcesfrom
space-chargewavesis intimatelyconnectedwith equipartitioningin beams(31). Thesecompu-
tationsweredoneusingthe ‘2

	
 -dimensional’versionof the particle-in-cellcodeWARP(32),
which tracksrandomlydistributedmacroparticlesin pre-specifiedexternalelectricandmag-
neticfields,alongwith theself-consistentlycalculatedself-fields.Thework focusedonahighly
space-charge-dominated,direct-current,cylindrical beamin which theinitial momentumspace
reflectedananisotropicpressurewith \ U�U N^]_\+`L` . As thebeamevolved,thepressureisotropized
onarapidtimescale,fully equipartitioningin � 5 m andexhibiting anisotropicoscillationsthat
largely dampedby � 50 m. Theequipartitioningtime scaleswerefoundto correlatewith the
evolution of initially localizedclumpsof globally chaoticparticles,which dispersedexponen-
tially with ane-folding ‘time’ � 2 m (roughly two plasmaperiods)andfilled their accessible
phasespacesin � 50m.

This first studyconsidereda form of ‘symmetrybreaking’,with thebrokensymmetryap-
pearingin momentumspaceratherthanconfigurationspace.Thebeambeganin a nonequilib-
rium stateandevolvedtowardameta-equilibriumin which theparticleorbitsfilled aninvariant
measureof phasespace.Thetransientdynamicsreflectsanintricate,evolving networkof space-
charge wavesthat setup a complicatedpotentialin which a substantialpopulationof particle
orbitsbecomesglobally chaotic.However, equipartitioningdoesnot leadto a halo,aslong as
the rms propertiesof the beamare‘matched’(33) to the strengthof the focusingforces,thus
minimisinglargescaletime-dependentoscillations.By contrast,asymmetric,isotropicsystem
evolved analogouslyestablishesa potentialthat is integrable,in which the orbits areregular.
Thepresenceof chaoticorbitsis evidentin Fig. 2, whichshowsthetrajectoriesof 20 testparti-
clesrandomlyselectedfrom a giveninitially localizedclumpin bothisotropicandanisotropic
systems. Progressively reducingthe areaof the phasespacespannedinitially by the clump
revealsthat the test-particleorbits areregular in the isotropicbeam. However, the orbits are
clearlychaoticin theanisotropicbeam,this reflectingthecomplicatednetwork of space-charge
wavesthatarisein thepresenceof anisotropy.

A uniqueexperimentconcerningviolent relaxationin beams,conductedin theearly1990’s,
involvedthepropagationandmerging of five beamletsin a periodicsolenoidaltransportchan-
nel (34). Thebeamletswereinitially orientedin a quincunxpatternandwerecloseenoughto
eachotherthatmutualinteractionswereimportant. Thebeamwasnonrelativistic andsubject
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to considerablespace-chargeforces.A priori thebeamletswouldbeexpectedto ‘dissolve’ and
reappearperiodically. However, irrespectiveof how well thermsbeampropertieswerematched
to thetransportchannel,thebeamletswereseento reappearonly once,atapoint � 1 m from the
source.Moreover, mismatchedbeamsledto theformationof anextendedhalo,with thedensity
of thehalo increasingwith thedegreeof mismatch.As discussedin (34), detailedsimulations
with aparticle-in-cellcodeweresuccessfulin reproducingthemeasurements.

The failureof thebeamletsto reappearagainwould seemto reflecta collisionlessprocess
that, in effect, causestheparticleorbits to losememoryof their initial conditions.To explore
how chaoticmixing influencesthe dynamicsof sucha manifestlynonequilibriumbeam,we
redid the simulationsusingWARP. Our simulationsdiffered from the experimentin that we
took the transportchannelto impart a constant,linear externalfocusingforce,whereasin the
experimentthechannelcompriseda periodicsolenoidalfocusinglattice. However, our results
correlatedwell with themeasurements.

Onemightexpectthestronglytime-dependentspace-chargepotentialto drivea largepopu-
lationof globallychaoticorbits.Thatthis is thecaseis illustratedin Figure3, whichshowsthat
clumpsof representative testparticlesinitially localisedin phasespacegrew exponentiallyto
fill muchof their accessiblephase-spaceregions.In eachcase,aninitial extremelyfastgrowth
ratesubsequentlygavewayto aslowerrate,thetransitionoccuringafteradistance� 5 m,when
thebeamletshadlost their identityandthephase-spacedistributionhadbecomerounder.

A recentlycompletedLos Alamosexperimentinvolved the productionandmeasurement
of a halo generatedin a protonbeamthat waspurposelymismatchedto a periodic focusing
channelcomprisedof quadrupolemagnets(35). The beamenergy andcurrentwere6.7 MeV
and75 mA, respectively, which meansthatthebeamwasnonrelativistic andspacechargewas
strong. The lengthof the focusingchannelspanned� 10 mismatchoscillations. The princi-
pal conclusionsfrom this experimentandits accompanying simulations(36) were(i) that the
phase-spacevolumeof thebeamgrew in conjunctionwith theconversionof freeenergy from
mismatchinto ‘thermal’ energy of thebeam,and(ii) thatparametricresonancewastheprinci-
pal mechanismdriving halo formation. However, thequantitative dataappearsto besensitive
to the exact distribution of the input beamwhich could not be measuredwith precision,and
thefinite sensitivity of thehalodiagnosticsprecludedcharacterizationof theoutlying wingsof
the halo profile. Moreover, the theoreticalmodelprovidesno predictionof growth rates;the
simulationswereusedto extractthis informationfor comparisonwith theexperiment.

In summary, it would seemevidentthatphysicaleffectsobservedin experimentsinvolving
charged-particlebeams,many of whichcanbereproducednumerically, bearstrikingsimilarities
to effects that have beenpredictedto act in galaxies. In particular, the obvious similarities
betweenFigures1 and3 reinforcethe expectationthat the physicsof collective relaxationin
galaxiesandcharged-particlebeamsis verysimilar, if not identical.

The smooth potential approximation. Thediscussionhithertohasassumedimplicitly that,
viewed‘on large’, many-bodysystemsof starsor chargescanbeapproximatedby acontinuous
distributionandasmoothbulk potential.However, thisassumptionhasbeenquestionedin both
the galactic(37) andaccelerator(38) communities.To what extent is it really true that there
is a smoothcontinuumlimit; and,even assumingthat thereis sucha limit, how many ‘parti-
cles’ musttherebe beforediscretenesseffectscanbe ignored?Canone,e.g., treata realistic
acceleratorbunch,comprisedof �3�>= 	?a chargedparticles,asacontinuouschargedistribution?
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Numericalcomputationsperformedoverthelastseveralyears,for bothgravitating (39) and
electrostatically(40) interactingsystems,suggeststronglythat,viewedmacroscopically, there
is a well-definedcontinuumlimit; andthat discretenesseffects,which exist for finite particle
number, canbe extremelywell modeled,even for individual orbits over comparatively short
times,by Gaussianwhite noisein thecontext of a Fokker-Planckdescription.Indeed,onecan
extractestimatesof smoothpotentialLyapunov exponentsfrom 5 -bodysimulations(41).

That a Fokker-Planckdescriptioncan be justified is nontrivial sincethe standardderiva-
tions(3) andmostexperimentaltestsfocusonthelong-timebehaviour of orbit ensembles.Even
moreinteresting,however, is the fact that,whenappliedto chaoticsystems,a Fokker-Planck
descriptionimplies that discretenesseffects can have importanteffects on time scalesmuch
shorterthanthecollisionalrelaxationtime ��� ! Discretenesseffectscandramaticallyaccelerate
diffusionthroughacomplex phasespace,bothby facilitatingtransportalongtheArnold web(4)
and,in somecases,by transformingregularorbitsinto chaoticor viceversa.Indeed,undercer-
taincircumstances,e.g., for systemswith ‘lumps’ or largedensitygradients,discretenesseffects
couldbe importanton very shorttime scaleseven for 5 aslarge as ��= 	?a (40)! However, it is
likely thatthoseeffectscanbeadequatelymodeledby aFokker-Planckdescription.

Proposed Beam Experiments with UMER

As discussedabove, laboratoryexperimentsconductedto datehave not exploredexplicitly the
role of chaoticmixing via Coulombforceson theevolution of nonequilibriumbeams.Yet the
combinedeffectsof transientchaosandresonancesarethekeys towarda full understandingof
violent relaxationin both beamsandgalaxies.Accordingly, we plan a seriesof experiments
to studyphasemixing andattendantcollisionlessrelaxationusingtheUniversityof Maryland
ElectronRing (UMER), a facility slatedto be completedandcommissionedduring Summer
2003(42). The ring is 11 m in circumferenceandtransportsan electronbeamwith 10 keV
kinetic energy, 100mA current,and50 b m effective emittance.The nominalbunchcontains�c�>= 	?a electronsspanninga volume1 cm in radiusand3 m in length. Thebunchcharge,and
hencethecollectivespace-chargeforce,is adjustableoverawide range.

Two beamsourcesareavailable,a thermioniccathodeanda laser-drivenphotocathodesys-
tem. A localizedmodulationof the thermionicelectroncurrentcanbe appliedusinga 5 ns
laserpulse,a techniquethat wasrecentlydemonstratedby the UMER group(43). The level
of modulationfar exceedswhat is achievableby grid pulsingalone,andthetechniqueenables
theformationof initially localizedparticleclumpsof desiredstrengthandpositionin thebeam.
In addition,any desiredmultibeamletdistribution caneasilybecreatedby maskingthesource
beam. The beamis then injectedinto the ring by meansof a magnetickicker system. The
ring confinesandsteersthebeamby meansof amagnetsystemcomprisingalternating-gradient
quadrupolesfor transverseconfinement,dipolesfor bending,andinductivemodulesfor longi-
tudinalconfinement.Thesystemis designedsothat thebeamcanbetransportedover 1 km, a
distancethatspanssome500- 1000plasmaperiods.Beamdiagnosticspresentlyinstalledon
UMER includephosphorscreens,fastbeampositionmonitors,fastenergy analyzers,andboth
fastandintegratedtransversephasespacemonitors.

Collectively thediagnosticsarecapableof detailed,time-resolvedmeasurementof thedis-
tribution functionin thesix-dimensionalphasespaceof asinglebeamparticle.Thediagnostics
measurethesamemacroscopicobservablesasgeneratedin thesimulationsandtherebyprovide
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themeansfor directcomparison.Accordingly, UMERservesasa platformfor a virtually un-
limited rangeof experimentsto explorenonlinear, transientdynamicsof Coulombsystems,and
ouroverarchingplanis to exploit thiscapabilityto accessthephysicsof collisionlessrelaxation
thatlargecharged-particleandself-gravitating systemssharein common.

Conclusions

It is clearthat, in principle,chaoticphasemixing canserve asa trigger for rapidmacroscopic
dynamics,including collective relaxation. Moreover, thereis substantialnumericalevidence
thatsuchmixing couldplay animportantrole in theevolution of galaxiesandchargedparticle
beams.It thusseemsnaturalto look for evidenceof chaosandchaoticphasemixing in real
laboratoryexperiments.Unfortunately, it is impossibleto performcontrolledexperimentson
self-gravitating systemslike galaxies.However, therearestrongindications,both theoretical
andnumerical,that the relevant physicsis virtually identical in galaxiesandchargedparticle
beams;and,for this reason,it would seempossible– andhighly desireable– to useaccelera-
tors like UMERaslaboratoriesin which to performindirect testsof thepredictionsof galactic
dynamics.
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Figure1: Left handpanels:H and I coordinatesfor threedifferentclumpsof 1600starsevolved
in the time-dependentgalacticpotential rs4t� 8 N Zvu �+4w�yxzH 
 x{I 
 x3T 
 8 	6|}
 , with

u 4[� 8 N
�Fx�~1��� (�� ���+4w� x��L��� a 8 
 , for ~�N�= /�� , � N � / ] � , and � a N �>=$= . From top to bottom, the
snapshotsareat times ��NP= , ��] , �)� . Thedynamicaltime ��: � ])= . Theclumpshadinitial
size ��HWN ��I�N = / =G� . Top centerpanel: The sameensembleat ��N ��])� . Bottom center
panel:A snapshotat ��Nz��])� for thesameclumpsevolvedin a time-independentpotentialwithu � � . Right panel:Naturallogarithmof thequantity J N�4?J 
U x�J 
` 8 	6|}
 , definedin termsof
thecomponentsof emittanceJ U and JL` , for theclumpsevolvedin thetime-dependentpotential.



Figure2: Trajectoriesof 20 testparticlesin x-y spacefor the isotropicbeam(top); and the
anisotropicbeam(bottom).Theinitial clump“emittance”decreasesprogressively by factorsof
10 from left to right.



Figure3: Left handpanels:H andI coordinates,expressedin meters,for twodifferentclumpsof
20,000electronsevolvedin theself-consistentpotentialcalculatedusingWARP. Thesnapshots
aretaken from a simulationwith a mismatchedbeam,at locations ��N�= / = , �>= / =)� , �>� / � , and
])= / ��� m alongthebeam,with theexceptionof thebottomright snapshot,which is at �ON^��� / �$�
m from thesimulationof thematchedbeam.Theplasmawavelengthis = / �D� m andthebetatron
wavelengthis ] / = m. The initial emittanceof eachclump is ��=�@�� the full beamemittance
( J U N�JL`yN � / ���0¡¢��=D@ 	?a b m.). Right handpanel:Naturallogarithmof ��J U (asdefinedin the
text) for 5 clumps,eachsamplingaportionof the‘red’ clumpontheleft, but with progressively
smalleremittances.


